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Operating systemcodeis complex. But, while substan-
tial complexity is inherentto this domain,webelievethat
other complexity is causedby modularity problems. In
this paper, weexplore aspect-orientedprogrammingasa
meansof makingthis kind of complexity unnecessary. We
showthatsimplelinguisticconstructscanbeusedto mod-
ularizeprefetching– anaspectof thesystemthat is other-
wiseunclearbecauseits implementationis spreadout in
thecode.

1 Intr oduction

Operatingsystemshave a problemwith modularity. De-
spiteour bestefforts, the implementationof certainkey
elementsof thesystemseemsto inevitably getspreadout
in the code. FromOS/360to Windows NT, systemssuf-
fer from “unintentionalinteractions”betweenmodules[7]
andrequiredevelopersto be intimately familiar with im-
plicit “patternsof interaction”betweensubsystems[10].
We believe this not only makessystemscodemorediffi-
cult to reasonaboutandchange,but alsowasasignificant
barrier to incrementalcustomization[3, 5] in extensible
systemsresearch[4, 2, 8, 9].

Recently, the aspect-orientedprogramming(AOP) [6]
communityhasput forth the ideathatsomeconcernsare
inherently crosscutting– by their very naturethey are
presentin more than one module. They call suchcon-
cernsaspectsof thesystem.Thegoalof work in AOPis
to make it possibleto modularizethe implementationof
aspectsby developingmechanismsthatexplicitly support
crosscuttingstructure.Severalapplicationshave success-
fully usedAOPto structureissuessuchassynchronization
andperformanceoptimization[1].

The purposeof our work is to determineif an aspect-
orientedapproachcanimprove the modularityof operat-
ing systemcode. We want to find out if our modularity
problemsare causedby crosscuttingconcerns,whether
theproposedmechanismsof AOPcanserveto modularize
them,andwhetherAOPmateriallyimprovesthecode.

This paperdescribesan initial experimentusingAOP
to localizetheimplementationof acrosscuttingconcern–
prefetchingfor mappedfiles in FreeBSDv3.3. Our initial
resultsarepromising.WeareoptimisticthatAOPmaybe
ableto significantlyimprove OSmodularity, andhopeful
that this couldsupportnew work on OS structure,incre-
mentalcustomization,andextensibility.

2 Implementation overview

Before inspectingthe aspect-orientedimplementationof
prefetching,the following subsectionsprovide necessary
context regardingthestructureof thepagefault handling
path, prefetchingfor mappedfiles within this path, and
theoriginal structureof thecode.

2.1 The pagefault handling path

Referencinga page of a mappedFFS file that is not
marked as residentin memory generatesan exception.
Handlingthis exceptionstartsin thevirtual memorysys-
tem asa pagefault associatedwith a VM object;execu-
tion moves to FFS and is translatedinto a block-based
requestassociatedwith a file; and finally passesto the
disk systemwhereit is expressedin termsof a cylinder,
head,and sectors. The division of responsibilitiesbe-
tweenthesesubsystemsis centeredaroundthe manage-
mentof their respective representationsof data. That is,
corefunctionalitywithin eachcomponentprimarily deals
with controlling resourcesin termsof its own setof ab-
stractions. Pathstaken when fault handlingin VM and
FFSare illustratedby the large ovals labeledwith func-
tion namesin Figures1 and3.

2.2 Prefetchingfor mappedfiles

Figures1 and3 arealsoannotatedwith prefetchingfunc-
tionality. Accessbehaviour of VM objectscan be de-
claredas random, normal or sequentialusing the mad-
visesystemcall. This declarationis usedto plan which
pagesshouldbeprefetched,subjectto availablememory
and contiguity of pageson disk. Oncethe prefetching
is planned,physicalpagesareallocatedaccordingly. Al-
locationrequiresappropriateVM-basedsynchronization,
suchaslocking thepagemap.

BeyondtheVM layer, theaccessbehaviour of theVM
objectdetermineshow executionproceeds.Normal ob-
jectsusethe pathshown in Figure1, while the pathfor
sequentialobjectsis shown Figure3.

2.2.1 Normal accessprefetching

By the time pagefault handlingreachesthe file system,
importantsystemstatemay have changed. Normal ac-
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Figure1: The structureof the pagefault handlingpathfor objectswith behaviour declaredto be normal. Only the
top two layers,VM andFFS,areshown. The ovals representfunctionscomprisingthe primarypagefault handling
structure,thesmallcirclesandtext in italics representthestructureof prefetching.

aspect normal_mapped_file_prefetching {

pointcut vm_fault_cflow( vm_map_t map ):
cflow( calls( int vm_fault( map, .. )));

pointcut ffs_getpages_cflow( vm_object_t object, vm_page_t* pagelist, int length, int faulted_page ):
cflow( calls( int ffs_getpages( object, pagelist, length, faulted_page )));

/* plan the prefetching and allocate the pages */
before( vm_map_t map, vm_object_t object, vm_page_t* pagelist, int length, int faulted_page ):

calls( int vnode_pager_getpages( object, pagelist, length, faulted_page ))
&& vm_fault_cflow( map )

{
if ( object->declared_behaviour == NORMAL ) {

vm_map_lock( map );
plan_and_alloc_normal_prefetch_pages( object, pagelist, length, faulted_page );
vm_map_unlock( map );

}
}

/* three cases under which prefetching might be cancelled for normal objects */

after( vm_object_t object, vm_page_t* pagelist, int length, int faulted_page, int valid ):
calls( valid check_valid(..) )
&& ffs_getpages_cflow( object, pagelist, length, faulted_page )

{
if ( valid )

dealloc_all_prefetch_pages( object, pagelist, length, faulted_page );
}

after( vm_object_t object, vm_page_t* pagelist, int length, int faulted_page, int error, int reqblkno ):
calls( error ufs_bmap( struct vnode*, reqblkno, ..) )
&& ffs_getpages_cflow( object, pagelist, length, faulted_page )

{
if ( error || (reqblkno == -1) )

dealloc_all_prefetch_pages( object, pagelist, length, faulted_page );
}

after( vm_object_t object, vm_page_t* pagelist, int length, int faulted_page, struct transfer_args* trans_args ):
calls( int calc_range( trans_args ))
&& ffs_getpages_cflow( object, pagelist, length, faulted_page )

{
dealloc_noncontig_prefetch_pages( object, pagelist, length, faulted_page, trans_args );

}
}

Figure2: AspectCcodefor prefetchingpagesfor objectsof normalbehaviour.
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cessprefetchingin FFSfirst determinescosteffectiveness
of retrieval accordingto currentsystemstate.Prefetched
pagesaresynchronouslyretrieved with the faultedpage,
and consequentlymust not introducemultiple disk ac-
cesses.

There are three conditions under which FFS may
choosenot to prefetchplannedpagesfor normalobjects.
First, thefaultedpagemaybevalid by thetimeexecution
reachesFFS,in this casenoneof the plannedpageswill
beprefetched.Second,if thefaultedpageis not foundon
disk, no pagesareprefetchedandthe pagefault may be
satisfiedby a zero-filledpage.Third, if any of thepages
areno longercontiguouson disk, they arenotprefetched.
As partof checkingwhetherit will requestplannedpages,
FFSde-allocatespagesit decidesnot to retrieve.

Figure1 overviews thestructureof prefetchingfor ob-
jectswith normaldeclaredaccess.Thesmall circlesand
italicized text representthe elementsof prefetchingde-
scribedabove.

2.2.2 Sequentialaccessprefetching

In order to aggressively prefetchon behalf of sequen-
tially accessedmappedfiles, control flow is redirected
throughthe file systemreadpath using ffs read instead
of ffs getpages. This path potentially offers additional
asynchronousprefetchingwhenaccessis sequential.The
pathalsorequirespageflipping buffer pagesto allocated
VM pagesin orderto avoid anexpensivecopy operation.
Figure 3 illustratesthe structureof prefetchingfor ob-
jectswith sequentialdeclaredaccess,which is described
in moredetail in Section4.2.

2.3 Prefetching structure and the original
code

Whensummarizedasaboveandvisualizedasin Figure1
andFigure3, this prefetchingstructureis relatively clear.
It is possibleto reasonaboutthe coordinationof activity
betweenprefetchingcodein VM andFFS.

Unfortunately, in theoriginal codethis implementation
is spreadout over approximately260 lines in 10 clusters
of contiguouslines in 5 corefunctionsfrom two subsys-
tems– makingit very difficult to seethecoordinationof
prefetchingactivity. Moreover, thereareclustersof code
performingmanagementtasksonVM abstractionssitting
in FFSfunctions,which makesthecodemoreconfusing.

3 AspectC

In this experiment,we useda hypotheticallanguage,As-
pectC,andhand-compiledthecodeto C.AspectCextends
C by addinglinguistic supportfor aspects.AspectCis a
simplesubsetof AspectJ[1], soweareconfidentthatit is
possiblebuild an efficient implementation,which is part
of our presentwork. Overall, only a small portionof the

coderelieson theselinguisticextensions.Themajorityof
thecodeis in regularC functions.

AspectCprovidesmechanismsfor definingadditional
code,calledadvice, that runsbefore, after or aroundex-
istingfunctioncalls.Thecentralelementsof thelanguage
aremeansfor designatingparticularfunctioncalls,for ac-
cessingparametersof thosecalls,andfor attachingadvice
to thosecalls. Thesemechanismsaresufficient to mod-
ularize crosscuttingconcernsbecausethey allow small
fragmentsof codethatwould otherwisebespreadacross
severalfunctionsto beplacedright next to eachother.

4 Implementation usingAspectC

Thefollowing subsectionspresentour re-implementation
of prefetchingfor mappedfiles usingAspectC.AspectC
itself is presentedincrementallyonan‘as-needed’basis.

4.1 Normal prefetchingin AspectC

Figure 2 shows our aspect-orientedimplementationof
prefetchingfor normal declaredaccess. The first two
declarationsmake valuesfrom higher-levelsof the page-
faulthandlingpathavailableto prefetchingcodein lower-
levels. The next four declarationscorresponddirectly to
thesmallcirclesin Figure1.

The first declaration in Figure2 allows advicein the
aspectto accessthepagemapin which prefetchingpages
must be allocated. This map is the first argument to
vm fault.

Readingthe declaration,it declaresa pointcutnamed
vm fault cflow, with one parameter, map. A pointcut
identifies a collection of function calls and arguments
to thosecalls. The secondline of this declarationpro-
videsthedetails.This pointcutrefersto all functioncalls
within thecontrolflow of calls to vm fault, andpicksout
vm fault’s first argument. The ‘..’ in this parameterlist
meansthatalthoughtherearemoreparametersin this list,
they arenot pickedout by this pointcut.

The seconddeclaration is anotherpointcut,this time
namedffs getpagescflow, which allows advicein theas-
pect to accessthe parameterlist of ffs getpages for de-
allocationof plannedpages.

The third declaration definesbeforeadvicethat ex-
aminestheobject’sdeclaredbehaviour, planswhatvirtual
pagesto prefetch,and allocatesphysicalpagesaccord-
ingly. In plain English, the headersaysto executethe
bodyof this advicebeforecallsto vnodepager getpages,
andto give the body accessto the mapparameterof the
surroundingcall to vm fault.

Readingthe headerin more detail, the first line says
that this advicewill run before function calls designated
following the‘:’, andlists fiveparametersavailablein the
body of the advice. The secondline specifiescalls to
thefunctionvnodepager getpages, andpicksup thefour
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Figure3: Executionpathfor objectswith sequentialde-
claredaccess.

argumentsto that function. The third line usesthe pre-
viously declaredpointcut vm fault cflow, to provide the
valuefor map that is associatedwith the particularfault
currentlybeingserviced(i.e., from a few framesbackon
thestack).

The body is ordinary C code. The helper func-
tion plan and alloc normal prefetch pagesfurtherdeter-
mineshow many andwhich pagesto allocate,depending
on theavailability of memoryandlayoutof thepageson
disk.

The next thr eedeclarations implementthethreecon-
ditions under which the FFS layer can choosenot to
prefetch.In eachcase,theimplementationof thedecision
not to prefetchresultsin de-allocation.

The first after advice de-allocatesall pagesto be
prefetchedif thefaultedpageis now valid. This executes
after calls to check valid, which occurwhen the normal
pagefault path is checkingto seewhetherthe pagehas
becomevalid. When check valid returnsnon-zero,it is
telling thenormalpagingcodethatthepageisnow present
in memory. In thiscase,prefetchingadvicecancelsall the
prefetching.

The secondafter advice de-allocatesall prefetching
pagesif the faultedpageis not foundon disk. This may
happenfor oneof two reasons– eitheran error hasoc-
curredin whichcaseerror is non-zero,or thefaultwill in-
steadbesatisfiedby a zero-filledpage,in which casethe
parameterreqblknofrom ufs bmapis -1. It is important
to notethat the useof ffs getpagescflownot only makes
parametersavailableto advicethatexecutesaftercalls to
ufs bmap, but alsoensuresthat this adviceonly executes
within thiscontrolflow. Thatis, callsto ufs bmapin other
pathsdo not executethis advice.

The third after advice de-allocatessome or all
prefetching pages if the contiguity of the pages
on disk has changed since being checked by
plan and alloc normal prefetch pages in the VM-
layer. The helperfunction takesall the parametersfrom
ffs getpagescflow and calc range, and de-allocatesany
pagesthat were originally requestedbut are no longer
within theactualrangethatwill betransferred.

4.2 Sequentialprefetchingin AspectC

Figure3 illustratesthestructureof synchronousprefetch-
ing for objectswith declaredsequentialaccess.Thecor-

respondingimplementationis shown in Figure4.1

Whenmadviseis usedto declareaccessbehaviour as
sequential,prefetchingin FreeBSDv3.3 is lessconserva-
tive. Thepagefault requestautomaticallyis bumpedto a
a maximumbuffer size,andtherequestis routedthrough
ffs read insteadof ffs getpages. This pathnot only syn-
chronouslyfills the buffer, but possiblyasynchronously
prefetchesadditionalblocks. Oncethe transferis com-
plete,thebuffer pagesareflippedin orderto avoid copy-
ing to the pagesVM allocatedfor prefetching. Asyn-
chronousprefetchingrequiresdetectionof sequentialac-
cessin thefile systemusingamarkerstoredin thevnode.2

This aspectusesaroundadviceto divert theexecution
pathto ffs readwhenaccessis sequential,or to proceed
with ffs getpagesotherwise.Aroundadvicediffers from
beforeandafteradvicein thatit hascontroloverwhether
or not theadvisedfunctioncall proceedsasplanned.

The after advice,which flips the pages,executesun-
der the control flow of the pointcutsffs readcflow and
vm fault cflow. Thatis, it executesonlywhencontrolflow
hasbeendivertedalongthis specialpath.

5 Implementation comparison

To developtheAOPimplementation,wefirst strippedthe
prefetchingrelatedcodefrom theprimaryimplementation
of pagefault handling. We thenwe madeseveral minor
refactoringsof theprimarycodestructureto exposeprin-
cipledpointsfor thedefinitionof prefetchingadvice.With
respectto Figure1, we refactoredffs getpages to spawn
two new smallfunctions,check valid andcalc range.

The key differencebetweenthe original codeand the
AOP codeis that when implementedusing aspects,the
coordinationof VM andFFSprefetchingactivity becomes
clear. We cansee,in a singlescreenful,theinteractionof
planningand cancellingprefetching,and allocatingand
de-allocatingor flipping pages.In short,we wereableto
preserve thecontext of prefetchingrelatedexecutionand
makethestructureof thecrosscuttingexplicit.

6 Conclusion

AOP allowed us to modularizeprefetchingandmake its
structureexplicit andclear. This experimentshows that
someof the complexity in OS codeis unnecessarybe-
causeit comesfrom impropermodularizationtechniques
ratherthan being inherentto the domain. When cross-
cutting concernsareimplementedwithout AOP they be-
cometangled– spreadthroughoutthecodein anunclear
way. Whenimplementedwith AOP, crosscuttingstructure
is clearandtractableto work with.

1The carefulreaderwill noticea small amountof codeduplication
with thepreviousaspect.This is deliberatefor clarity. AspectCincludes
featuresthatwould allow usto eliminatethisduplication.

2Weimplementedthis in otheraspects,notpresentedhere.
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aspect sequential_mapped_file_prefetching {

pointcut vm_fault_cflow( vm_map_t map ): cflow( calls( int vm_fault( map, .. )));

pointcut ffs_read_cflow( struct vnode* vp, struct uio* io_info, int size, struct buff** bpp ):
cflow( calls( int ffs_read( vp, io_info, size, bpp )));

/* plan the prefetching and allocate the pages */
before( vm_map_t map, vm_object_t object, vm_page_t* pagelist, int length, int faulted_page ):

calls( int vnode_pager_getpages( object, pagelist, length, faulted_page )) && vm_fault_cflow( map )
{

if ( object->declared_behaviour == SEQUENTIAL ) {
vm_map_lock( map );
plan_and_alloc_sequential_prefetch_pages( object, pagelist, length, faulted_page );
vm_map_unlock( map );

}
}

/* divert to ffs_read */
around( vm_object_t object, vm_page_t* pagelist, int length, int faulted_page ):

calls( int ffs_getpages( object, pagelist, length, faulted_page ))
{
if ( object->behaviour == SEQUENTIAL ) {

struct vnode* vp = object->handle;
struct uio* io_info = io_prep( pagelist[faulted_page]->pindex, MAXBSIZE, curproc );
int error = ffs_read( vp, io_info, MAXBSIZE, curproc->p_ucred );
return cleanup_after_read( error, object, pagelist, length, faulted_page );

} else
proceed;

}

after( struct uio* io_info, int size, struct buf** bpp ):
calls( int block_read(..) ) && vm_fault_cflow(..) && ffs_read_cflow( struct vnode*, io_info, size, bpp )

{
flip_buffer_pages_to_allocated_vm_pages( (char *)bpp->b_data, size, io_info );

}
}

Figure4: AspectCcodefor prefetchingonbehalfof sequentiallyaccessedmemorymappedfiles.

We are currently working to implementAspectCand
planto useit to exploreothercrosscuttingconcernsin OS
code.We believe thatusingaspectsto localizetheimple-
mentationof key OS elementssuchasprefetching,page
replacement,quality-of-servicerequirements,andothers,
couldenablesignificantimprovementsin OSstructure,in-
cludingto theability to bettersupportextensibility.
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